Abstract. Wepreviously found that type V collagen repressed the attachment and spread of aortic smooth muscle cells. The present study was carried out to investigate the effects of type V collagen on the formation of fibronectin and F-actin filaments of human dermal fibroblasts in relation to cell attachment and spread, using an immunofluorescent technique and morphometry. The number and area of the cells attached to type V collagen at 1 and 3 hours after seeding were significantly lower than those of cells on other substrates, including collagen types I, III and IV, and bovine serum albumin. However, there was no significant difference in the attachment and spread amongthe cells on these substrates after 24 hours. Cultured fibroblasts exhibited two patterns of fibronectin; one was a clear, linear fibronectin localized mainly in the cellular margins, and the other was a granular or flocculent fibronectin found in the perinuclear areas. The former was stained in non-permeabilized cells, but not in trypsin-treated cells (cell surface fibronectin). In contrast, the latter was not detected in nonpermeabilized cells, but was found in trypsin-treated cells (perinuclear fibronectin). Most of the cells cultured on type V collagen did not form either linear cell surface fibronectin or F-actin filaments at 3 hours. In contrast, manycells on collagen types I, III, and IV developed both cell surface fibronectin and F-actin filaments, the distributions of which were partially coincident. Colocalization of linear cell surface fibronectin and F-actin filaments was found in cells on all of the substrates after 24 hours. Perinuclear fibronectin showedsimilar patterns, and was not colocalized with F-actin filaments on different substrates at 3 and 24 hours of culture. Solid-phase substrates induced a better cellular attachment at 3 hours than serum adhesive factors. The administration of monensin, which inhibits the secretion of protein products, decreased the intensity of the fluorescence of cell surface fibronectin in fibroblasts, which was observed in a clear line. These results suggest that the retardation of the initial attachment and spread of fibroblasts on type V collagen is related to an inhibition in the formation of the fibronexus, a close transmembranousassociation of individual fibronectin fibers and F-actin filaments.
The interactions between cells and extracellular matrices have been shown to mediate the behaviors of cells, including their attachment, spread, proliferation and morphogenesis (8, 10, 28, 39) . Type V collagen has been shown to inhibit the adhesion of various types of cells, including human endothelial cells, fibroblasts and smooth muscle cells (6, ll, 29) . Cell surface receptors for extracellular matrices, including collagens and basement membranes, have recently been shown to mediate the adhesion of cells to the extracellular matrix and to other cells (4, 14, 17, 27) . However, the mechanism by whichtype V collagen suppresses cellular attachment and spread is poorly understood.
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It is well established that fibronectin is involved in the mediation of cell attachment and spread (9, 24, 35) .
Moreover, actin-micro filament bundles have been found to link to foci where cells adhere to solid substrates (13, 31) . Singer (30) has demonstrated that the fibronexus, a transmembranous association of individual fibronectin fibers and actin micro filaments, tethers fibroblasts to each other and to the collagen matrix. Therefore, the formation of fibronexus maybe related to the attachment and spread of cells on collagen matrices. In the present paper, we show that the fibronexus develops as a result of the formation of cell surface fibronectin and the organization of actin into F-actin filaments and enhances the attachment and spread of cells. Thus, we propose that the formation of fibronexus may be related to the inhibitory effect of type V collagen on the attachment and spread of fibroblasts.
MATERIALSANDMETHODS 1) Cell culture. Cultured human fibroblasts were obtained from the skin of 12-, 14-and 36-year-old females. The cells were grown in a monolayer culture in Eagle's minimal essential medium (MEM,Biochrom KG, Berlin) supplemented with 10% fetal calf serum (FCS), 2 mML-glutamine, 100 U /ml penicillin and 100 /-eg/ml streptomycin at 37°C in a humid atmosphere consisting of 5% CO2 and 95% air. The medium was changed every 3 days. Fibroblasts obtained at between 6 and 12 passages were used throughout the experiments.
2) Preparation of substrate-coated dishes and cover slips. Collagen types I, III, IV and V were isolated from human placentas by pepsin digestion and a salt differentiation method, as previously described (29). The purities of collagen types I, III, IV and V were shown by 5% SDS-polyacrylamide gel electrophoresis and a collagenase digestion method (25), to be 90. 3%, 95.3%, 76.8% and 93.7%, respectively (29) . One mg /ml of sterile solution was applied to culture multiwells (16 mmin diameter, Corning, USA) or glass cover slips (10 mmin diameter, Matsunami Glass Ltd, Japan) at 0-4°C, and incubated in an atmosphere of ammonium hydroxide vapor. We previously showedthat the concentration of the collagen solution should exceed 100^g/ml to be bound in detectable amounts to plastic plates (29). After the substrate-coated wells and glass cover slips were washed three times with sterile Dulbecco's phosphate buffered saline (PBS), nonspecific adherence to the coated wells and glass cover slips was blocked by incubation with 5% BSA for 30 min. The wells and cover slips were then rinsed twice with DMEM and used in the following experiments. Wells and glass cover slips coated with 1 mg/ml bovine serum albumin were included as controls. 3) Cell adhesion andspreading assays. Fibroblasts, which were detached by trypsinization, were washed three times with medium and held in suspension in DMEM containing 5% BSAfor 30 min at 37°C to allow for regeneration of cell surface components. The cells were plated into the 16-mmwells coated with different substrates at a density of 1 x 104 cells/ml in medium containing 7.5% FCS and incubated at 37°C in a CO2 incubator.
After 1, 3 and 24 hours, the attached cells were washed with PBSto removeany remaining unattached cells, and then fixed in 10% neutral buffered formalin. The attached cells were subjected to H-E staining and cell attachment was determined by counting the number of cells in five randomly selected fields under a light microscope (Olympus BH-2, Japan) connected to a computer image analysis system (BIOCOM200, version 1.5, France). Cell spread was assessed by measuring the two-dimensional projected surface area of individual attached cells. 4) Observation of F-actin filaments. A substrate-coated coverslip (10 mmin diameter) was placed into each well (16 mm) .Cells were seeded onto the coverslips at a density of 2 x 104 cells/well in medium supplemented with 7.5% FCS. After 3 and 24 hours of incubation, the cells were washed with PBS and fixed in 4% paraformaldehyde in 10 mMphosphate buffer (pH 7.2) containing 0.85% NaCl (0.01 M PBS) at room temperature for lOmin. The cells were then rinsed twice with 0.01 MPBS, and permeabilized by incubation with acetone at -20°C for 5 min. Cells were then incubated with fluorophore nitrobenzoxadiazole (NBD)-phallacidin (1.6 x 106 M, Molecular Probes), a specific probe for F-actin (1), for 45 min at room temperature in a dark moist chamber. After washing three times with 0.01 MPBSfor 3 min, cells were mountedin Aquamount Mountant (BDHLtd, England) and examined under a Zeiss fluorescence photomicroscope (Axioplan, Germany). Black and white photomicrographs were taken on Ilford HP5 35-mm fine grain film (400 ASA). Another coverslip was pretreated with a 50-fold excess of unlabeled phallacidin and then stained with NBD-phallacidin under identical conditions. This coverslip was considered to be a negative control. 5) Immunofluorescence microscopy ojfibronectin. Fibroblasts that were grownon the substrate-coated coverslips were washed three times with PBS after 3 and 24 hours, and then fixed with 4% paraformaldehyde in 0.01 M PBS at room temperature for 10 min. After the cells were permeabilized by incubation with acetone at -20°C for 5 min, they were rinsed three times with 0.01 MPBS. Fibronectin was visualized with rabbit anti-human fibronectin antibody (diluted 1 : 800, Behring, Germany) and TRITC-conjugated goat anti-rabbit IgG antibody (diluted 1 : 800, Sigma). The optimal concentration of each antibody that gave maximal specific fluorescence and minimal background fluorescence was determined by incubating the fixed and permeabilized cells on glass cover slips with serial dilutions of each antibody solution. Both primary and secondary antibodies were diluted in 0.01 MPBS. The cells were incubated with primary and secondary antibodies at 37°C for 1 hour. After rinsing three times with 0.01 M PBS, the cells were mounted in AquamountMountant and examined under a fluorescence microscope. To further evaluate the characteristics of fibronectin, paraformaldehyde-fixed and non-permeabilized cells were incubated with anti-fibronectin antibody followed by TRITC-conjugated second antibody. Moreover, cultured fibroblasts were incubated in freshly prepared trypsin (Worthington Biochemical Corp., USA) at 10 fig/ml in PBSfor 5 min at room temperature to digest the fibronectin. After adding 500 fig/ml soybean trypsin inhibitor (Sigma) to stop trypsin hydrolysis, the distribution of fibronectin was examined in paraformaldehyde-fixed and permeabilized cells by an immunofluorescent technique. Negative controls were made by omitting the primary antibody and replacing it with preimmune rabbit serum. None of these negative controls gave a staining pattern which corresponded to any of the antibodies.
In double-labeling experiments designed to visualize the colocalization of F-actin filaments and fibronectin, fixed and permeabilized cells were first exposed to NBD-phallacidin, incubated with anti-fibronectin, and then visualized with TRITCconjugated second antibody, as described above. The stained coverslips were examinedunder a fluorescence microscope. Photomicrographs were taken as described above. (BSA), or 0.25% BSA + 100 jug/ml purified plasma fibronectin in 0.01 M CAPSbuffer (BSA+FN). The cells were incubated for 3 hours and then counted as described above in five randomly selected fields. The data were expressed as the ratio of the number of cells on each substrate to that of cells on plastic substrate in medium containing 1.5% FCS. 7) Effect of monensin on the distribution offibronectin. Fibroblasts were cultured in mediumcontaining either 0.1 or 1.0 /ig/ml monensin (Sigma), which inhibits the secretion of protein products. After 3 and 24 hours, the distribution of fibronectin was examined by an indirect immunofluorescent technique, as described above. After incubation with the medium containing 1.0^g/ml monensin for 3 hours, the cells attached to different substrates were counted as described above. The data were expressed as the mean percentage of the number of monensin-treated cells to that of non-treated cells. 8) Statistical analysis. Data were expressed as the mean value±SD. Statistical analyses were performed using a oneor two-way analysis of variance (ANOVA)and Turkey's multiple comparison test. Differences with p<0.05 were considered statistically significant. RESULTS 1) CellAttachment. Figure 1 shows the time course of the number of cells attached to different substrates, including collagen types I (I), III (III), IV (IV) and V (V) and bovine serum albumin (AL), during 24 hours of culture. Although humanfibroblasts adhered to all of the substrates in a time-dependent manner, they attached to type V collagen significantly less than to other types of collagen after 1 and 3 hours. 103cells/well on I, III, IV, V and AL, respectively. Table I shows the effects of type Vcollagen on the attachment of cells to other substrates including collagen types I, III and IV and AL after 3 hours. There was a significant difference not only between the various substrates (p <0.01), but also between the different concentrations of type V collagen (p<0.05).
2) CellSpreading. As shown in Figure 2 , the spread of human fibroblasts extended in a time-dependent manner and varied with different substrates. The cells spread well on collagen types I, III and IV at 1 and 3 hours of culture, but not on type V collagen. The average area of cells plated on collagen type V at 1 hour (2.53± 1.38 x 103 /mi2) was significantly less than those on I, III, IV andAL (p<0.05), and this value at 3 hours (3.59+1.98 x 103 fjtm2) was also less than those on I, III and IV (p<0.05).
However Figure 3 and 4 show the distribution of fibronectin from human fibroblasts which spread on different substrates in medium containing 7.5% FCS. At both 3 and 24 hours, acetone-permeabilized cells exhibited two patterns of fibronectin: a linearly-organized fibronectin that was localized mainly in the cellular margins and a granular or flocculent fibronectin that was found at the perinuclear areas. At 3 hours, the perinuclear fibronec- The dishes were coated with a mixture of different concentrations of type Vcollagen and other substrates including collagen types I (I), III (III) and IV (IV) and bovine serum albumin (AL). The number of attached cells was counted at 3 hours after seeding. Thedata were expressed as the percentage of the numberof cells attached to each substrate to that of the cells on plastic. (mean±SD, n=4) * p<0.01, significantly different between I, III, IV and AL (twoway ANOVA). ** p<0.05, significantly different between the different concentrations of type V collagen (two-way ANOVA).
gen ( Fig. 3D) . At 24 hours, the cells grown on each of the substrates showed well-developed fibronectin in both perinuclear areas and cellular margins. Fibronectin in the cellular margins was aggregated and more intense on all of the substrates after 24 hours than after 3 hours (Fig. 4A-D) . To investigate in detail the characteristics of fibronectin, non-permeabilized or trypsin-treated cells were examined by an immunofruorescent technique (Fig. 5) . Linear fibronectin was observed in the cellular margins of non-permeabilized flbroblasts, but not in trypsin-treated cells. In contrast, perinuclear fibronectin was detected in trypsin-treated cells, but not in non-permeabilized cells. A diffuse, faint background fluorescence ( Fig. 3-5 ) was considered to be non-specific and caused by the substrates.
4) Codistribution ofFibronectin andF-Actin. Double-fluorescent staining was carried out to study the role of the fibronexus, a transmembranous association of intracytoplasmic actin-and extracellular fibronectin-con-
Time, hr Ill and IV. They had continuous, straight F-actin filaments, some of which were partially stained for distinct, linear cell surface fibronectin ( Fig. 6A and B) . The cells on ALshoweda moderate development of fibronexus ( Fig. 6C and D) . In contrast, although many cells showed bright fibronectin staining in perinuclear areas on type V collagen, they did not develop either cell surface fibronectin or F-actin filaments ( Fig. 6E and   F) . Therefore, the colocalization of F-actin filaments and fibronectin-containing fibers was not observed in cells on type V collagen at 3 hours. However, most of the cells showed continuous F-actin filaments on all of the substrates at 24 hours, some of which were closely associated with cell surface fibronectin ( Fig. 7A and B) . Diffuse, faint background fluorescence in Figures 6 and 7 were considered to be non-specific and due to the substrates.
5) Involvement of serum adhesive factors in the attachment offibroblasts to collagen matrix. Fibroblasts were seeded onto collagen types I, III, IV and V, and AL in medium containing either 7.5% FCS + CAPS buffer (FCS), 2.5% BSA + CAPS buffer (BSA), or 2.5% BSA + 100 /ig/ml FN (FN). The attachment of fibroblasts was determined after 3 hours. As shown in Figure 8 , there were significant differences in cellular attachment amongcells plated on various substrates (p<0.001), as well as among those that were incubated in FCS, BSA and FN (p<0.001). The differences in cell attachment among the various solid substrates and serum factors accounted for 38.8% and 13.6% of the entire variance in the attachment, respectively. 6) Effect ofmonensin on the distribution offibronectin. As shown in Figure 9 , treatment of fibroblasts with monensin changed the distribution of fibronectin. 
DISCUSSION
In the present study, we have found that 1) the attachment and spread of cultured human fibroblasts varied with the types ofcollagen at 1 and 3 hours, but not at 24 hours; 2) although the perinuclear fibronectin was similar in! cells on all of the substrates at 3 hours, cell surface fibronectin and F-actin filaments were less well-developed on type V collagen than those on other types of collagen; 3) treatment of cells with monensin resulted in a decrease in the fluorescence intensity of cell surface fibronectin of cells on collagen types I, III and IV, which appeared as a clear line; and 4) F-actin filaments were highly coincident with linear cell surface fibronectin. Extracellular matrix components, including collagen, fibronectin and glycosaminoglycans, can mediate various cell behaviors, such as attachment, spread, migration, proliferation and response to growth factors (8, 10, 19, 28, 38, 39) . The attachment and spread of various cultured cells have been shownto depend on the type of collagen (10, 21, 26, 29) . Hashimoto et al. (ll) showedthat the adhesion of cells was inhibited depending on the concentration of type V collagen. In the present study, type V collagen most strongly inhibited the attachment and spread of human fibroblasts at 1 and 3 hours. Moreover, it inhibited the attachment of cells to collagen types I, III and IV in a concentration-dependent manner. These results suggest that type V collagen mayinhibit the attachment of fibroblasts at 1 and 3 hours, which is consistent with previous studies (ll, 29) . However, there were no significant differences in the attachment and spread of human fibroblasts at 24
hours.
Cellular fibronectin is synthesized as a monomeric polypeptide chain within the cytoplasmand then quickly dimerizes. Dimerized fibronectin appears on the cell surface and is also secreted into the culture medium. The cell surface fibronectin slowly forms high-molecular weight aggregates (3, 24) . In the present study, granular, flocculent fibronectin in the perinuclear area was not observed in nonpermeabilized fibroblasts, but was visualized in permeabilized or trypsin-treated cells. In contrast, distinct, linear fibronectin localized in the cellular margins was stained in both permeabilized and non-permeabilized fibroblasts, and was sensitive to trypsin-digestion. Moreover, the treatment of cells with monensin simultaneously induced an increase in perinuclear fibronectin and a decrease in linear fibronectin in the cellular margins. Thus, perinuclear fibronectin appears to be trypsin-resistant and exists within the cytoplasm, presumably within the lumen of the endoplasmic reticulum. On the other hand, linear fibronectin in the cellular margins is considered to be the dimeric or aggregated form and is localized on the cell surface.
The fibronexus, a transmembranous association of individual fibronectin fibers and F-actin filaments, is knownto play an important role in cell attachment and spread, both in vitro and in vivo (13, 16, 30, 31, 32) .
Type V collagen reportedly inhibits the formation of Factin filaments within cells and the adhesion of cells to fibronectin (1 1, 37). In this study, type V collagen significantly suppressed the attachment and spread of fibroblasts after 3 hours, as comparedto other types of collagen, but not after 24 hours. The cells on type V collagen failed to form F-actin filaments and showed poorly-developed cell surface fibronectin after 3 hours. In contrast, cells on other types of collagen formed complete F-actin filaments which were partially stained for cell surface fibronectin. Moreover, the cells showed well-developed F-actin filaments and cell surface fibronectin on all of the substrates after 24 hours. These results suggest that the formation of the fibronexus may be related to the inhibitory effect of type V collagen on the initial cell attachment and spread. Cells adhere to substrates through the formation of focal adhesions, where the flbronexus tethers the cells to the collagen matrix. Integrins and vinculin have also been shown to be present at focal adhesions and to mediate the adhesion of cells to the extracellular matrix (4, 14, 17, 27) . The relocation of integrins has recently been shownto regulate cellular attachment and detachment (2). Yamamoto(37) has demonstrated that endothelial cells concentrate integrin in adhesion regions on fibronectin, but not on type V collagen. In the present study, cells on type V collagen showed an inhibited formation of linear cell surface fibronectin and F-actin. Although treatment with monensin resulted in an increase in perinuclear fibronectin and a decrease in cell surface fibronectin after 3 hours, it inhibited neither cell attachment nor the conformation of linear cell surface fibronectin.
Moreover, serum factors, including soluble fibronectin and vitronectin, had less of an effect on cell attachment after 3 hours than the solid-phase substrates. Thus, type V collagen mayaffect the conformation of fibronectin in adhesion regions on the cell surface. Collagens are thought to mediate the attachment and spread of cells through the interactions with fibronectin (22) . There has been a report in which the affinity of type V collagen for fibronectin was lower than those of other types of collagen (5). Hatai et al. (12) showed that cell adhesion was inhibited mainly by the 90-kDa fragment of al (V), which had less affinity for fibronectin than the 60-kDa fragment. The present study showed that type Vcollagen inhibited cell adhesion as well as the conformation of cell surface fibronectin. Thus, the lower affinity of type V collagen for fibronectin may be related to the inhibition of conformation of cell surface fibronectin.
Although fibroblasts attached to type V collagen less than to other types of collagen at 1 and 3 hours, no difference in the cell adhesion between various types of collagen was observed after 24 hours. Fibroblasts have been shown to produce matrix metalloproteinases during tissue repair (7) . Keski-Oja et al. (15) showed that the 72-kDa type gelatinase/type IV collagenase was not only secreted by fibroblasts, but also deposited in the pericellular matrix of fibroblasts. Therefore, the remodeling of the pericellular matrix of fibroblast by deposited matrix metalloproteinases may be related to the disappearance of anti-adhesive activity of type V collagen after 24 hours.
Serum adhesive factors, including soluble fibronectin and vitronectin, have been shown to play an important role in the attachment and spread of various types of cells (9, 18, 24, 34, 35, 36) . Onthe other hand, there are reports that the attachment and spread of cultured cells vary with solid-phase extracellular matrices and are independent of the presence or absence of serum in the culture medium (20, 29) . It has been shown that serum adhesive factors affected cellular attachment and spread on artificial biomaterial surfaces, but not on native collagens (23, 33) . At 3 hours of culture, significant differences were found in the attachment of cells on different solid substrates, and also in the attachment of those incubated in media containing BSA, FCS and soluble fibronectin. However, the differences among the solidphase substrates accounted for 38.8% of the entire variance in cell attachment, whereas those amongserum factors accounted for only 13.6%. Thus, solid-phase substrates have more of an effect on the initial attachment of humanfibroblasts than do serum adhesive factors, which is in agreement with previous reports (20, 29) . In summary,the present study has shownthat the retardation of the initial attachment and spread of fibroblasts on type V collagen is related to an inhibition in the formation of the fibronexus. The formation of focal adhesions may be mediated not only by cell surface receptors, including integrins and vinculin, but also by extracellular matrix components.
